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ABSTRACT

Tectonically regionalized variations in the tempes ature of the upper 400 km of the
Earth's mantle arc estimated from analysis of global seismic Lmvcl-time data catalogued
by the International Scismological Centre (ISC). Seismic parameter profiles are deter-
mined from estimates of Pand S velocities obtained by tau inversion. Summary phase
diagrams for the olivine and pyroxene-garnet subsystems are constructed in conjunction
with a thermodynamic potential formulation that allows self-consistent determination of
density, bulk modulus and adiabats throughout the pressure and temperature regimes of
the mantle. Perturbations in estimated seismic parameters are expressed in terms of
variations in temperature using the model temperature derivatives of the bulk modul us
and density ata given temperature and pressure. Confidence boundson the velocity
estimates are used to place corresponding bounds on the constructed seismic parame-
ters. A simple differential relationship is solvediteratively to obtain a temperature
variationfor a given variation in seismic parameter. Thisapproach allows the cstinla-
tonof a range of scismicall yﬁ(’lclcrmincd teimperature variations by employing a given
compositional model. Results indicate that while the P and S velocity variations in the
upper mantle are consistent with the tectonic regionalization, variations in Vp/Vg ratios
are wregular, This Ieads to unstable estimates of the seismic parar neters and thus esti-
mates of mean temperature anomalies, typically within 6000C of the weighted mean,
thatare inconsistent with the regionalized seismic data. A comparison of tWo composi-
tional models is usedto show the trade-ofl with estimated temperature variations. A
refined regionalization and analysis of a larger ISC data set are suggested in order to
stabilize the S velocity inversion, reduce statistical uncertainties on the seismic parame-
ters, and thus improve constraints on estimated tlemperature variations.
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Building, West Lafayctie, IN, 47907,
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1. INTRODUCTION

Seismig velocities are governed by the temperature and pressure dependence of the com-
position, chemistry and mineralogy of the Earth's interior. Inversion of global seismic
travel-time dots thereby isa means of constraining mantle composition, inferring differ-
ences in mantle state, anti comparing calorimetric and thermoclastic models [e.g. Bina and
Wood, 1987; Ita and Stixrude, 1992].

In this study, compressional (P) and shear (S) velocities arc estimated by tau inversion of
1 scc body wave travel-time data cataloged in the Bulletin of the International Seismologi-
cal Centre (I SC). Lateral heterogeneity is parameterized by P and S tau-slowness estimates
appropriate for oceanic and continental regions following the tectonic regionalization model
of Jordan [ 1981]. Regionalized tau inversion lacks the three-dimensional appeal of tomo-
graphic imaging. Howcver, the taumethod is quantitative and statistically sound. The
analysis dots not rely on merging compressional and shear velocities obtained from differ-
ent data sets, frequency responses and geographic regions, but instcad uses travd-times in
a manner that is parametrically consistent for global Pand Sdata. Joint analysisof Pand S
velocities not only helps delincate the depth extent of differentiation between oceanic and
continental regions, but helps infer the compositional, chemicaland thermal nature of the
mantle given the particular response of each velocity mode to the Lteral heterogeneity. This
is cspecially the case in the uppermost mantle, where the observed lateral heterogencity 1S
most consistent with the tectonic regionalization.

From the P anti S velocity estimates, seismic parameter profiles arc constructed, defined
as the ratio of bulk modulus to density [see Birch, 1952]. Confidence bounds on the ve-
locities obtained by tau inversion arc used to place bounds on the seismic parameters. Pi-
clogitic and pyrolitic models [ Ita and Stixrude, 1992] arc used to yicld temperature deriva-
tives of the bulk modulus anti/ density at a given temperature and pressure in order to esti-
mate a range of scismiczlll)?dclcrmincd temperature anomalics from the variations in seis-
micparameter. While the shear velocity structure is particularly sensitive to mantle tem-
perature and solidus, the model temperature derivatives of the shear modulus are poorly
known. ‘1'bus, using the seismic parameter iS a convenient means of estimating thermal
anomalies without sensitivity to uncertainties in modeling the shear modulus.

2. SEISMIC DATA ANALYSIS

Determination of tectonically regionalized velocity-(icplh functions from estimates of tau-
slowness functions is described by Tralliand Johnson [ 1986 a). Over 1.25 million P ray




paths with sour-cc depths less than 70 km were obtained from the 1 SC Bulletin over a pe-
riod spanning 7.5 yrs. However, this data set yiclded only about 150,600 corresponding S
ray paths, but with a fractional distribution per region comparable to that of the P data. The
small size and the larger scatter in the Stravd-lime data lead to greater numerical sensitivity
and uncertainties in the S velocity inversion, and thus increased uncertainties in the con-
structed seismic parameters. This, in turn, decreases the ability to constrain estimates of
regionalized temperature variations.

The global tectonic regionalization of Jordan [1981] is adopted, which consists of a 5 by
5 degree surface gridding, with the inclusion of oceanic trenches based on anomalous re-
duced travel-tirnc distributions observed in the more robust P data set [sce Tralli and John-
son, 1980a]. Bricfly, for regionalized tau inversion, seismic ray paths tire grouped accord-
ing to the tectonic regions associated with the source, receiver station and surface projection
of theray turning point. A simple statistical averaging then allows construction of tau esti-
mates appropriate for each region type, with slowness-dependent source and receiver per-
turbations explicitly formulated [Tralli and Johnson, 1980b]. These “single region’
cquivalenttau estimates are inverted independently to estimate P [Tralliand Johnson,
1986a]and S (this study) velocities throughout the entire mantle.

The tau analysis for S travel-time data follows that developed for P data, except that se-
lection criteria for tau estimates (see Tralli and Johnson, 1986a) arc less stringent given the
larger variances in the S data.  Furthermore, the slowness (p) and cpicentral distance (A)
intervalsuscd to reduce the raw Stravel-times are obtained by linearly fitting datain 1 to 1()
deg dliding windows over 0.10 deg increments from 10 to 85 deg in epicentral distance.
The slopes of the fits then arc rounded off to the nearest of 35 slowness values sclected a
priori for the entire mantle, while sclecting arespective set of consecutive A intervals for
each of the seven tectonic region types. Thus, data {romn each region arc reduced with com-
mon slowness values, but each slowness may correspond to adifferent epicentral distance
interval, thereby allowing the manifestation in the datareduction of velocity differences be-
ncath the various tectonic regions. This methodof choosing p-A intervals for the entire
epicentral range is more efticient than the algorithm used to empirically scgregate the upper
mantle. travd-time data in the P study, and morc general than using common p-A intervals,
astor the lower mantle in the P study.

2.1 REGIONALIZED VELOCITY INVERSION

Lateral variationsin P and S velocitics are expressed as differences about a mean obtained
by weighing the various velocity profiles according to the arcal surface (Table 1) rcpre-




sented by each tectonic region. This weighting adjusts, to some extent, the over- and un-
der-sampling of certain regions given the geographic distribution of scismicity and seismo-
graphic stations [Tralliand Johnson, 1986a].

To ensure that the estimated weighted mean velocity profiles are reasonable and without
any potential bias, they arc comparedto the IASP9linodel [ Kennettand Engdahl, 1991 ]
(see Fig. 8). Discontinuitics, such as at 41 () and 660 km depth, are smoothed out in the
velocity inversion since travel-time triplications in the ISC data tire not sufficiently resolv-
ablefor tau inversion. This smoothing out of the discontinuitics unfortunately limits the
ability of this study to infer temperature anomalies to only the upper 400 km of the mantle.

The P velocity anal ysis of Tralli and Johnson [ 1986a] points out significant differences
between oceanic and continental regions to a depth of 700 km. Predominant featurcs are
the gradicnt in the velocity residual from the regionally weighted mean below oceanic re-
gions, whereas continental platforms and shields show compensation in the sign of the ve-
locity residual between 350 and 700 km. Figs.1-7b show differences in cach S velocity
profile from the weighted mean and can be compared with the corresponding P velocity
variations in Figs. 1 -7a [from Figure 4 of Tralliand Johnson,1986a]. Such a comparison
indicates atactor of two between the magnitude of Pand S velocity variations from their re-

spective regionally weighted means.

Table 1
Tectonie Regions and Fractional Surface Area

] Young occans (< 25my) ().13
2 Intermediate-age oceans (2,5-1()() my) ().34
3 Old oceans (> 100rny) 0.13
4 Active continents (orogenic zones, magmatic bolts)  ().19
5 Continental platforms ()-10
6 Continental shiclds 0.07
7 Occeanic trenches 0.04

1.00

There is a trend of increasing surface S velocities (ot 33 ki depth afier a crusts] correc-
tion is applied [sce Tralliand Johnson, 1986a]) from 4.32km/s inregion 1, and 4.47 km/s
in region 2, to 4.53 km/s in region 3. (Tcectonic region indices are listed in ‘Jable 1, and
correspond to figure numbers). This trend agrees with the I’ velocity results, and is consis-
tent with the squarc root of crustalage dependence of the occanic regionalization [Jordan,
1981]. A similar increasing trend is noted in the continental regions, with surface velocities

progressing from 4.23 km/s (region 4) 1o 4.45 km/s (region 5) and 4.62 km/s (region 6).




Region 4 suggests the greater sensitivity of shear waves to zones of higher temperature,
particularly in the upper ' 250 km (Fig. 4}}) Residual velocities of regions 5 and 6 are en-
tirely positive in the upper 400 km (mor %o and significantly at the 99.9% confidence level
for region 6). Platforms indicate consistently positive residua velocities, with variations
from the weighted mcanof 1.6 to 2.2% extending from the surface to about 280 km in
depth. The compensation seen in the P velocity variations bencath platforms is only hinted
atinthe Sresults. The residual S velocity beneath shields is significant at the 99.9% confi-
dence level to adepth of about 360 km, with a3.5% residual velocity variation from the
mean.

Oceanic trenches (region 7) are significantly slower in S velocity to about 280 km in
depth, below which there is a tendency towards compensation in the sign of the velocity
variation that extends below 400 km. The P velocity in the shallow mantle bencath
trenches dots not indicate this. As in active continental regions, the S velocities bencath
trenches may be suggestive of shear softening and partial melting of subducting slab mate-
rial. However, there is insufficient resolution in the inversion and particular] y in the re-
gionalization of trenches at depth [see Tralli and Johnson, 1986a).

The estimated P and S velocity variations are most compatible with the tectonic regional-
ization in the uppermost mantle. This corroborates the results of other studies [e.g. Hara
and Geller, 1994; Su er al. , 1994;Noleter a. , 1994]. For the purposc of inferring tem-
perature variations, only results in the upper 400" kmare considered, for the reason cited
carlier regarding the lack of resolution of the taumethod as used through mantle transition
zone discontinuitics. It is evident at this point, however, that P and S velocity variations
are notnecessaril y similar in form throughout the manitle. This has implicuiions for esti-
mating temperature variations from a single compositional model for allregions, as will bc
discussed later given the observed naturc of the Vp/V ratios and the constructed seismic

plll'l\ﬂ]C\L‘,l'S.
2.2 REGIONALIZED SEISMIC PARAMETER

Regionalized profiles of the seismic parameter, ¢, are determined from the 17 and S ve-

locitics in a straightforward manner from the relation
0= Vp2-4/3 V2 (1)

Each velocity profile firstis interpolated to common depths at 20 km intervals, since the

depth corresponding toa given velocity estimate iS determined by the tauinversion and




cannot be set ¢ priori. There isa slight bias therefore introduced in the interpolation of ve-
locity estimates and their confidence hounds. The seismic parameter is sSimply the ratio of
the bulk compressibility to density, or the squared bulk sound velocity,

Fig. 8 compares the bulk sound velocity in the upper mantle with IASP91{Kennett and
Engdahl, 1991]. Again, there is agreement with the model except at discontinuities.

Variations in regionalized seismic parameters from their weighted mean are shown in
Figs. 1 -7c (figure numbers correspond to region indices). The only significant variations
in oceanic regions are (positive) between 260 and 400 km bencathregion 2 and (negative)
from about 150 (o0 300" km beneath region 3. Continental and occanic trench regions indi-
catc a trend of decreasing valucs proceeding from region 4 toregion 6. A reversalin the
residual seismic paramcter anomaly from 350-375 kimto 4(H) km in depth is evident be-
ncathall regions, including occanic trenches.

The discrepancy in the behavior of seismic paramcter variations within oceanic regions
(namely regions 1 and 2) compared to that within continental regions is suggestive of anin-
consistency between the and S velocity estimates. For example', S velocities may be too
low beneathactive continental regions and too high beneath platforms. However, both of
these regions indicate that the S velocity variations arc significant atthe 99.9% confidence
level (see Figs. 4b and Sb). To check the in(cr-consistency of the Pand S velocity esti-
mates, profiles of Vp/Vg were determined. Lateral variations in Vy,/Vgabout their region-
ally weighted meanare shown (without confidence bounds) in Figs.1 -7d. Further dis-
cussion is deferredto Section 4.

3. ESTIMATION OFF TEMPERATURE VARIATIONS

once. variations in regionalized seisSMIC parameters are determined, attention IS turned to
estimating temperature variationsfora given compositional model. Summary phase dia -
grams for the olivine andpyroxene-garnet subsystems are constructed. A sell-c~)nsiskm[
thermodynamic model then is used to determine the density, bulk modulus,and adiabats
throughoutthe pressure andtemperature regime of the earth's mantle assuming piclogitic

and pyrolitic compositions {sce Ita and Stixrude, 1 992; 1993 for details].
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Perturbations in estimated seismic parameter (¢) due to variations in temperature (T) are
expressed using model temperature derivatives of bulk modulus (K) and density (p) at a
given temperature and pressure according to

¢-¢o= _F]; [dﬁ}i{ - 9o gﬂ (1"~ To) 2

The subscript O refers to the quantities derived from the thermodynamic potential. This dif-
ferential relationship is solved iteratively to obtain atemperature anomaly for a given
anomaly in seismic paramcter. Convergence isobtained when ¢ - ¢, is within 0.03, which
occurs typically in less than five iterations with a starting surface adiabatic temperature of
18000K. An iterative method is necded because the relationship between temperature and
velocity is non-linear. Also, note that the 18000K adiabat is only for the starting point,
with final temperatures depending solely upon the velocity profiles and mineralogical model
chosen. Thus, temperature variations are not references to the 18()()OK adiabat, but devia-
tions from the weighted mcan temperature profile obtained from the itcrative procedure.
Rather than adopt the 99.9% confidence bounds on the Pand S velocities, only the 1 o
standard deviations are used to determine corresponding bounds on ¢ that yield significant
variations from the weighted mean, albcit with reduced confidence. The lower and upper
bounds at a given depth are not symmetric about the mean due to the nature of the tau in-
verson. The error bounds on ¢ then are inverted to yield bounds on the corresponding es-

timates of (mean) regionalized temperature variations.

4. DISCUSSION OF RESULTS

Near-surface source andrcceiver corrections arce determined from the regionalized tau
method and presumably remove systematic effects that otherwise would be mappedinto
lateral variations in upper mantle velocity [sce Tralli and Johnson, 19Xotl]. However,itis
possible that the seismic ray path turning point sampling perregioninthe upper 400 km is
not representative of the overall distribution of regionalized data throughout the entire man-
tle. The Weighting schemeadopted thus wouldnotaccount for sampling biases as in-
tended. The changes introduced hy using the fractional percentage of total ray paths for
each region (for example, sec ‘1'able 1 of Tralli and Johnson [ 1986a]) rather than the surface

area valuesderi ved from the regional i zation model are not significant, and do not account




for peculiarities in comparing the P and S behavior and the noted discrepancies with the tec-
tonic regionalization.

Variations in temperatu re about a regionally weighted mean are shown in Figs. 1-7¢ us-
ing a pyrolitic compositional model [Its and Stixrude, 1992]. Young occanic regions indi-
cate only two depths at which temperature variations are significant at the 1 ¢ level, namely
at the surface and at about 335 km, where estimated temperatures are 400°K higher and
GO0OK lower than the mean, respectively. For this and all other regions, anomalies at
depths approaching 400 km may be due to the lack of 1esolution in the velocities estimated
by the tau inversion asused, and thus may be artifacts of resultant smoothing through
transition zones. Intermediate-age oceans are significantly warmer than the mean by about
1009K from the surface to a depth of about 100 km, and show a similar negative variation
at adepth of about 335 km. Older oceans indicate a significant positive temperature varia-
tion of approximately 2000K at about 130 km to 600K at about 300 km depth. Any sug-
gestion of warming to cooling temperature progressing from young to old occanic regions
occurs above about110 km in depth. Older oceans in fact are relatively warmer at depths
centeredabout 200" km.

The temperature variations beneath active continental regions using a pyrolitic model are
consistent and significant, about-3009K, extending trom the surface toa depth of about .
260 km, with a reversal to +3009K defined ata depth of about 335 km. Platforms show
the same overall trend; the temperature variations are slightly greater butinsignificantrela-
tive to the weighted mean. Continental shiclds indicate a positive and significant tempera-
ture anomaly of about +2000K from the surfacctoadepth Of about 185 km. A large
anomaly of + 12009K atabout 350 km in depth, detined from 270 to 400 km, is indicated
and reminiscent of a similar feature beneath regions 4 and 5. Occanic trench regions indi -
cate a temperature anomaly of -3000K extending from the surface to a depth of about 260
km. An increase in the estimated temperature variation to approximately +4000K at 335
km depth is marginally significant at the 1o level but mimics the results beneathall conti-
nental regions. Based on the tectonic regionalization, one would expect arclative cooling
trend progressing from active to more stable continental regions. Figs. de-6e indicate the
opposite trend.

Since dK/dT and dp/d T are negative quantities throughout the upper 400 km of the man-
tle, itfollows trom Eqn. 2 that positive anomalies in scismic parameter correspond to nega-
tive temperature anomalies and vice versa, for a givencompositional model. 1 lowever, as
noted in Section 2.2, the behavior of the residual seisiic parameter variations from young
to older continental regions is predominantly contrary to thatindicated within oceanic re-

gions (Figs. 1 -7¢). For example beneath region 6, both P and S velocities arc greater then




their weighted means, but the bulk sound velocity is less than its corresponding weighted
mean (see Figs. Ga-c). This may be attributed to S velocity estimates that are increasingly
too large. with continental age, accepting the P results given the robustness of that data set.
Itis also possible that some of the inconsistency in the estimated seismic parameter and
temperature variations may be due to lateral variations in composition or volatile content
[Anderson, 1994]. This contention is supported by the variation in the Vp/Vg ratios for re-
gion 6. Theratio is anomalously low throughout the depth range considered (Fig. 6d), in-
dicating an inconsistency bctween estimated P and Svelocities.

In order to test the sensitivity of temperature anomalics to the chosen mantle composition,
we calculate variations in temperature using a piclogitic composition [Its and Stixrude,
1992] (Figs. 1 -71).Figs.4f and 7f indicatc a lack of convergence in the uppermost depth
node due to large differences between the model and constructed seismic parameters. Pre-
dicted velocities using this composition are systematically lower than those generated with
the pyrolitic model. This leads to lower temperatures, generally by 25010 350°C, in every
tectonic region. “1'bus, the inverse relationship between the perturbations in thePand S
velocities and the seismic parameter noted earlier for region 6, forexample, may signal a
change in mantle composition without asignificant variation in temperature.

The relative temperature differences between the various regions arc maintained with ¢i-
ther mantle composition model. These relative differences are contrary to what would be
expected from the tectonic regionalization. The estimated velocity variations, on the other
hand, are consistent with the regionalization individualy for Pand S. irregularities arisc
when the velocities are combined to construct regionalized seismic parameters. As noted,
the form (magnitude and sign) of the P velocity variations arc not necessarily mimicked by
the S variations estimated in this study. in additionto using a single composition{rom
which to derive model parameters tor ail regions, the Sresults thusmay be  statistically
suspect duc to asmaller datasetand application of a regionalization model that was refined
for tau estimation only in the process of analyzing the more robust P data,

5. CONCIL.USION

Theuse 01 variations in the seismic parameter to estimate corresponding temperature
variations is straightforward theorctical ly and provides statistical rigor through the use of P
and S velocity uncertainties yiclded by tau inversion. Working with the seismic parameter
climinates the need for model temperature derivatives of shear modulus, which are poorly

constrained by laboratory work. However, obtaining estimates of temperature variations
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from variations in seismic velocities is not an casy task in practice. in addition to assump-
lions regarding mantle composition, it also sufters from the inability of the seismic datato
resolve the finer structure of the mantle through travel-time anaysis, and from the limita-
tions of the adopted global tectonic regionalization and its application for parameterizing lat-
cral heterogenci t y at depth.

Nonetheless, this study has gone full circle, presenting a formaland quantitative means
of estimating mantle temperature anomalies with regionalized 1SC trilvcl-time data. Varia-
tions in mean regionalized temperature typically proved within 6009 01 the weighted mean
profile. The trade-off between assumed composition and estimated temperature variations
wis shown using piclogitic and pyrolitic models. This indicated that absolute diffe rences
in temperature of up to 3509 could be explained by a than.gc in composition. Estimated
temperature variations arc inconsistent with the tectonic regionalization.

A gquadratic programming or lincar inequality constraints approach could be undertaken to
solve for temperature variations corresponding to seismic parameter profiles that lic be-
tween the given uncertainties. However, this would be more involved numerically and is
not warranted by the resolution of the scismic parameter profiles constructed from these
velocity estimates. A joint inversion of Pand S velocitics aso could be undertakenin a
manner that constrains V/V ratios, for example, and thercfore improves the estimation of
temperat urc anomalies fromthe scism i ¢ parameter.

Finaly, a refined tectonic regionalization, with smaller surface grid size to perhaps 1 ¢
cells, and a larger travel-time data set, recognizing that over ten years of additional ISC data
are NOwW available, are suggested in order to check consistency with the regionalization
model « priori, stabilize the S velocity inversion and (bus improve constraints on tempera-
ture anomalics using the statistical uncertaintics on the seismic parameter fora given com-
positional model.
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FIGURE CAPTIONS

Figs. 1-7: Numbers refer to tectonic region indices according, to Table 1. Outages reflect
spurious estimates or estimates that exceed bounds on given figure. Dashed lines
represent 1 o error bounds as discussed in text.

a Variations in regionalized seismic P velocities from the regionally weighted mean;

b. Variationsin regionalized seismic S velocities from the regionally weighted mean;

c. Variations in regionalized seismic parameter (¢) from the regionally weighted mean;

d. Variations in regionalized Vp/Vs from the regional 1y weighted can;

c. Variations in estimates 0! regionalized temperature variations (°C) using a pyrolitic
composition [Its and Stixrude, 1992].

f. Variations in estimates of regionalized temperature variations (°C) using a piclogitic
composition [Its and Stixrude, 1992].

Fig. 8. Comparison of regionally weighted mean Vp, Vs, and bulk sound velocities (V)
with1ASPY 1[Kennett and Engdahl, 1 991] (inbold).
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